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RESUMO

Invertebrados aquaticos que habitam areas umidas intermitentes produzem
estagios dormentes que se acumulam no sedimento, formando um banco que pode
permanecer viavel por muito tempo. O banco de estagios dormentes permite a resiliéncia
da comunidade durante eventos de seca, e permite o recrutamento de individuos que
eclodem durante o periodo de inundagdo. Areas umidas intermitentes estdo sujeitas a
diferentes variagdes hidroldgicas, resultantes, por exemplo, de condi¢des locais de
sedimento. A variagao hidrolégica afeta o ciclo de produg¢ao dos ovos e a suas adaptagdes
com relagdo ao momento de eclosdo. Além disso, a eclosdo dos organismos apds o
periodo de seca, € um momento decisivo para a capacidade de completar o ciclo
reprodutivo e se estabelecer na comunidade ativa. O presente trabalho buscou avaliar os
efeitos da estabilidade hidrologica de areas umidas intermitentes na estrutura da
comunidade e na dindmica de eclosbes dos estagios dormentes de invertebrados. Foram
selecionadas 10 areas umidas em duas matrizes ambientais com estabilidade hidrolégica
distinta (campos e dunas) e realizado um experimento de incubagéo de sedimento ex situ.
O sedimento foi incubado em condi¢des controladas e as eclosdes foram monitoradas por
27 dias. Um total de 1469 invertebrados de 22 taxons eclodiram no experimento. A riqueza
nao foi diferente, entre as campos e dunas nem entre as semanas de hidratagdo, mas a
composi¢ao sim. A composi¢ao apresentou alta variabilidade e pode ter sido influenciada
pela diferenga de estabilidade hidroldgica. Os resultados demonstram que tanto em areas
umidas de dunas como de campos, independente da estabilidade hidrologica, os taxons
espalham suas eclosdes ao longo das semanas de hidratagédo. A variagao de estabilidade
hidrologica € um fator a ser considerado nas analises das comunidades de invertebrados
de ambientes aquaticos intermitentes, mas, no contexto analisado no presente trabalho,
em ambientes com pouca permanéncia de agua, nao foi suficiente para resultar em

din@micas de eclosdo com diferencas perceptiveis.

Palavras-chave: dorméncia; diapausa; quiescéncia; campos; dunas; Rio Grande do Sul;

Pampa; comunidade.



ABSTRACT

Aquatic invertebrates inhabiting intermittent ponds produce dormant stages that
accumulate in the sediment, forming a dormant stage bank. The dormant stage bank allows
the resilience of the community during drought events, and the recruitment of individuals that
hatch during the flooding period. Intermittent ponds are subject to hydrological variations,
caused by, for example, local sediment characteristics. Hydrological variation affects the
cycle of egg productions and hatching strategies. Furthermore, invertebrate hatching after
drought is a decisive moment for the invertebrates to complete their reproductive cycle and
establish themselves within the active community. The present study sought to evaluate the
effects of hydrological stability in intermittent wetlands on community structure and the
hatching dynamics of dormant invertebrate stages. Ten wetlands were selected in two
different environmental matrices with distinct hydrological stability (grasslands and dunes)
and an ex situ hatching experiment was conducted. Sediment was incubated in controlled
conditions and hatchlings were monitored for 27 days. A total of 1469 invertebrates from 22
taxa during the experiment. Richness did not vary between grasslands and dunes, nor
between the weeks of hydration, but the composition did. The community showed high
variability and may have been influenced by differences in hydrological stability. The results
demonstrate that in both dune and grassland wetlands, regardless of hydrological stability,
taxa spread their hatching throughout the weeks of hydration. Variation in hydrological
stability is a key factor to be considered in the analysis of invertebrate communities from
intermittent wetlands, but, in the present context, in environments with low water
permanence, variation in hydrological stability was insufficient to produce perceptible

differences in hatching dynamics

Key-words: dormancy; diapause; quiescence; grasslands; dunes; Rio Grande do Sul;

Pampa; community.



APRESENTACAO

O presente trabalho é uma dissertagcao de mestrado desenvolvida no Programa de
Po6s-Graduagcao em Biologia de Ambientes Aquaticos Continentais (PPGBAC). O texto
esta dividido em: (1) Introducdo Geral — detalhando o tema principal da dissertacéo
relacionado a dorméncia de invertebrados aquaticos e a influéncia da variagao hidroldgica
na estrutura e dindmica dessas comunidades; (2) Capitulo 1: “The effects of hydrological
stability on the hatching dynamics of aquatic invertebrates in intermittent ponds”, artigo
publicado na revista Wetlands em 2025”; e (3) Consideragdes Finais e Perspectivas da
dissertacdo. A Introducdo Geral e as Consideracdes Finais e Perspectivas estao
formatadas conforme as normas da ABNT. O Capitulo 1 esta formatado conforme as

normas do periédico “Wetlands”, onde foi publicado.
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INTRODUGAO GERAL

Estagios dormentes de invertebrados aquaticos

Invertebrados aquaticos habitam areas umidas intermitentes com diferentes
regimes hidrolégicos, apresentando adaptacdes fisiolégicas para sobreviver aos
ciclos alternados de seca e cheia (Williams, 2006). A dorméncia € uma forma que
muitos invertebrados aquaticos apresentam de sobreviver ao periodo de
dessecagao das areas uUmidas temporarias, podendo ser classificada em
quiescéncia e diapausa (Brendonck & De Meester, 2003; Santangelo, 2009;
Radzikowski, 2013). A quiescéncia € uma pausa temporaria e reversivel no
desenvolvimento do organismo, que ocorre em resposta a condigdes ambientais
desfavoraveis (Santangelo, 2009; Radzikowski, 2013). A quiescéncia pode ocorrer
em diferentes estagios ontogenéticos dos organismos, sendo finalizada quando as
condicbes desfavoraveis terminam (Santangelo, 2009; Radzikowski, 2013). Ja a
diapausa é estagio especifico do organismo, que resiste a condi¢ées desfavoraveis,
mas durante algum tempo é irreversivel, muitas vezes necessitando de mudangas
fisiologicas e morfologicas (Gyllstrom & Hansson, 2004; Radzikowski, 2013). A
diapausa apresenta mecanismos internos de controle, necessitando de sinalizagdes
especificas para finalizar (Santangelo, 2009; Radzikowski, 2013). Esses estagios
dormentes sao fundamentais para a sobrevivéncia dos organismos aos periodos de
dessecagao que ocorrem em areas Umidas intermitentes, embora também exista
producdo em ambientes permanentes.

Muitos organismos produzem estagios dormentes que nao eclodem
imediatamente e se depositam no sedimento (Brendonck & De Meester, 2003). Esse
acumulo de estagios dormentes cria um “banco” no sedimento, que serve como
“reservatorio” de propagulos apos o periodo de seca (Brendonck & De Meester,
2003). Os estagios dormentes estdo distribuidos ao longo de varios estratos do
sedimento, mas a camada superior, entre 4 e 6 centimetros de profundidade,
constitui 0 banco ativo, que concentra a maior quantidade de propagulos viaveis
(Hoffmann et al., 2023). Em ambientes temporarios, o banco de estagios dormentes
ativo € a primeira fonte de recrutamento de individuos apds o retorno da agua ao
ambiente, juntamente com a dispersao pelo vento e por zoocoria (Lopes et al.,
2016).

Taxons de varios grupos de invertebrados aquaticos podem produzir estagios

dormentes que compdem o banco (Williams, 2006; Radzikowski, 2013). Espécies
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do zooplancton estdo entre as mais utilizadas em trabalhos que avaliam a
comunidade dormente, como Copepoda, Cladocera e Rotifera (e.g. Santangelo,
2009; Freiry et al. 2021; Santangelo et al., 2011). Além do zooplancton, outros
grupos de organismos maiores ou de outras classes da biota de areas umidas
também produzem formas dormentes, como organismos bentdnicos e
macroinvertebrados (Williams, 2006; Guidetti et al. 2011; Alekseev & Vinogradova,
2019).

Cladéceros sédo organismos muito representativos da comunidade dormente,
cujos ciclos de vida da maioria das espécies apresentam um estagio em diapausa
(Brendonck et al., 2017; Santangelo, 2009). Esses organismos apresentam um ciclo
de vida, chamado de partenogénese ciclica, que envolve uma fase longa de
reprodugdo assexuada por partenogénese e posterior troca para reproducdo
sexuada (Decaestecker et al., 2009). Na maior parte do tempo, as popula¢des de
cladoceros sdo compostas de fémeas partenogenéticas, que reproduzem por ovos
diploides nao fertilizados (Decaestecker et al., 2009; Santangelo, 2009; Brendonck
et al., 2017). Estimulos bidticos e abidticos induzem a producdo de fémeas
gametogénicas e machos, iniciando o ciclo de reprodugédo sexuada, no qual ocorre
fertilizacao e as fémeas produzem ovos de resisténcia (Santangelo, 2009; Smirnov,
2017). Os estimulos para o inicio da reprodugdo sexuada sao variados, mas em
geral envolvem condi¢gbes estressantes, ou sinalizagbes que precedem essas
condicbes, como variagdes na temperatura, fotoperiodo, predacdo ou alta
densidade populacional (Decaestecker et al., 2009; Brendonck et al., 2017).

Rotiferos da classe Monogononta também apresentam um ciclo de vida com
partenogénese ciclica (Schroder, 2005; Santangelo, 2009). As populagbes
apresentam fémeas amiticas que se reproduzem por partenogénese, até o momento
em que fémeas miticas comecam a ser produzidas em resposta a estimulos
ambientais, e com a produg¢ao de machos e fémeas miticas, ocorre fertilizacdo e
produgdo de ovos em diapausa (Schroder, 2005). Estudos ainda tém tentado
avangar para entender quais fatores estao ligados ao inicio da reprodugédo mitica,
como o aumento da densidade populacional (Schroder, 2005).

As trés ordens de Copepoda (Harpacticoida, Calanoida e Cyclopoida)
apresentam diferentes tipos de dorméncia e até mesmo mais de um tipo de
estratégia e estagio de vida que pode entrar em dorméncia (Radzikowski, 2013).

Espécies de Calanoida sao algumas das mais estudadas em relagdo a producéo de
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ovos em diapausa (Dahms, 1995), e produzem ovos que eclodem imediatamente,
0s ovos subcutaneos (Dahms, 1995; Santangelo, 2009) e ovos em diapausa, que
apresentam diferengas morfoldgicas (Couch et al., 2001). Os Calanoida podem
trocar a produgdo de ovos subcutaneos para ovos em diapausa em resposta a
estimulos como predacgéao ou seca (de Stasio, 1989; Hairston et al., 2000; Brendonck
et al. 2017). Além disso, outras formas de dorméncia, como estagios quiescentes e
de diapausa nas fases de ovos, nauplios e copepoditos, estdo presentes em varias
espécies de Calanoida, Haparcticoida e Cyclopoida (Dahms, 1995; Dahms & Qian,
2004).

Outros animais, além do zooplancton, também compdem o banco de estagios
dormentes, produzindo diversas estruturas de dorméncia em diferentes estagios dos
ciclos de vida (Williams, 2006; Alekseev & Vinogradova, 2019). Organismos
bentonicos, como Anellida e Nematoda, apresentam cistos e anidrobiose como
formas de dorméncia (Williams, 2006). Tardigrados, por exemplo, produzem tanto
estagios quiescentes como em diapausa (Guidetti et al., 2011).

Estrutura do banco de estagios dormentes

A composicdo do banco de estagios dormentes € fundamental para a
sucessao da comunidade, pois as espécies presentes no banco poderao ocupar os
primeiros estagios da sucessao que ocorre logo apos o inicio do ciclo hidrologico
(Lopes et al., 2016). Além disso, os propagulos ali presentes podem ser acumulados
ao longo de diferentes geragdes, pois uma parcela dos propagulos ndo eclode em
alguns ciclos hidrologicos, criando um arquivo histérico de espécies da comunidade,
além de uma reserva genética (Brendonck & De Meester, 2003).

A ecologia de comunidades busca padrbes em como as espécies estao
distribuidas em comunidades e quais sdo os mecanismos envolvidos (Vellend,
2016). Diferentes fatores ambientais tém sido investigados como potenciais
responsaveis por padroes de riqueza e composi¢gao nos bancos de estagios
dormentes (Portinho et al., 2017; Freiry et al., 2021). Tanto fatores de escala ampla,
como temperatura regional e precipitagdo, quanto fatores de escala local, como
caracteristicas quimicas da agua, e ainda fatores como a distancia espacial entre
sitios, podem ser responsaveis por selecionar quais espécies conseguem colonizar
a comunidade dormente de uma area (Freiry et al., 2021). Alguns autores inclusive
tém encontrado diferencgas entre os fatores que predizem a estrutura da comunidade

ativa e da comunidade dormente (Santangelo et al., 2015). Dentre os fatores que
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sao estudados como potenciais preditores da comunidade dormente de
invertebrados aquaticos, o regime hidroldgico tem um papel importante, pois € uma
variavel intrinseca das areas umidas intermitentes e tem um papel fundamental no
estimulo a produgao dos estagios dormentes (Stenert et al., 2017).

Hidrologia de areas umidas intermitentes

Areas Umidas intermitentes sdo ecossistemas com diferentes tamanhos,
formas e tipos de paisagens nas quais estao inseridas, fatores que influenciam como
ocorre o ciclo hidrologico da area, ou seja, o tempo que ela passa com uma coluna
d’agua e o tempo que passa seca (Williams, 2006; Brendonck et al., 2017). Segundo
Mitsch & Gosselink (2015) essa caracteristica de ndo ser nem um ambiente terrestre
bem drenado, nem um ecossistema de aguas profundas da o carater unico desses
ambientes. Brendonck et al. (2017) revisaram e definiram como o regime hidrologico
€ uma variavel complexa que integra o hidroperiodo e sua variagao, frequéncia e
periodicidade, mostrando que o termo serve para descrever um gradiente de
permanéncia de agua, desde areas quase permanentes até areas efémeras, com
inundacdes curtas e espacadas. O hidroperiodo, nessa definicdo, € a duracao da
fase de inundagao (Hulsmans et al., 2008; Brendonck et al., 2017).

O regime hidrologico esta diretamente relacionado com a capacidade das
espécies de colonizarem, se reproduzirem e consequentemente manterem suas
populagdes no ambiente, embora, segundo a revisdo de Batzer (2013), quando
conduziram o estudo, ainda existia pouco consenso sobre como a hidrologia afeta a
biota. Batzer (2013) discute que ja foram detectadas relagdes entre a duragéo do
hidroperiodo e a riqueza de espécies, mas com tendéncias variaveis de acordo com
o local, sem capacidade de generalizagcdo e nem de predicdo, e sendo ainda
dificultadas quando outras variaveis séo incluidas, como predacgao.

Uma previsao que pode ser feita € de que areas umidas com hidroperiodos
longos e previsiveis devem permitir a colonizagéo por mais espeécies pela ecloséo,
disperséo e maior disponibilidade de nichos ecoldgicos (Brendonck et al., 2017).
Entretanto, também foi hipotetizado que a estabilidade pode estar relacionada com
menor produgéo de estagios dormentes, por conta de menos estimulos (Golladay et
al., 1997; Stenert et al., 2017). Em areas umidas com baixa estabilidade hidrolégica,
ou seja, sujeitas a inundagdes imprevisiveis e curtas, os estimulos a produgéo de

estagios dormentes podem estar mais presentes (Stenert et al., 2017).
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Essas caracteristicas e a integracdo de diferentes variaveis torna o
hidroperiodo uma jungao complexa e dificil de descrever em padrdes, muitas vezes
instavel e imprevisivel, como nos ambientes intermitentes e efémeros (Hulsmans et
al., 2008; Brendonck et al., 2017). A previsibilidade do hidroperiodo é outra
informacado importante, principalmente para os estagios dormentes que se
acumulam do sedimento, pois a previsibilidade de uma inundagao, bem como a sua
duracdo, apds um periodo de seca, dita a capacidade do estagio dormente de
recolonizar a comunidade ativa e completar seu ciclo de vida. Franch-Gras et al.
(2017) encontraram resultados em populagdes de rotiferos que apoiam a hipotese
de que a reproducédo sexuada — produzindo estagios dormentes — aumenta em
ambientes mais imprevisiveis, embora as taxas de eclosdes nao tenham sido
relacionadas com a imprevisibilidade do sistema.

Areas umidas intermitentes do extremo sul do Brasil: paisagem e
variagao hidrolégica

As variagoes hidrolégicas em areas umidas sao resultado de um conjunto de
fatores, como regime de precipitagdo e temperatura regional, condi¢des locais de
sedimento e configuragcédo da paisagem (Williams, 2006; Brendonck et al., 2017). As
condicdes de sedimento podem influenciar a retencdo da agua nas areas umidas,
por exemplo (Mitsch & Gosselink, 2015). Sedimentos organicos podem reter melhor
a agua (Mitsch & Gosselink, 2015), mantendo a cobertura da area umida apdés
periodos de precipitagdo, o que altera, por exemplo, a duracéo de hidroperiodos.

No extremo sul do Brasil, na Planicie Costeira do Rio Grande do Sul, areas
umidas sao abundantes (Waechter, 1985). Essa regiao apresenta clima subtropical,
com precipitagdes anuais médias de 1300-1600 milimetros (Alvares et al., 2014). A
vegetacdo € caracteristica do bioma Pampa, além de areas de restinga nas
associadas a faixa litoranea (Dinnerstein et al., 2017). As areas campestres
apresentam uma grande quantidade de areas umidas, muitas vezes formadas em
pequenas depressdes em areas de campos arenosos caracteristicos do bioma
Pampa (Pillar et al., 2009). Além disso, as dunas costeiras também apresentam
depressoes interdunais que acumulam agua (Seeliger et al 1998). Essas duas
paisagens estdo intimamente associadas e apresentam grandes quantidades de
pequenas sistemas aquaticos temporarios. Esses sistemas abrigam espécies de
invertebrados aquaticos, as quais dependem da produgédo de estagios dormentes

para sobreviver os periodos de dessecagdo. Entretanto, ambas as paisagens
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apresentam caracteristicas distintas de vegetacao, topografia, sedimento, entre
outros.

Dinamica de eclosao do banco de estagios dormentes

As estratégias de eclosdo dos estagios dormentes apds o periodo de
inundagao também sao fundamentais para definir a sucessao da comunidade apos
o periodo de inundagdo e como os estagios dormentes respondem aos estimulos
que induzem a ecloséo (Eskinazi-Sant’Anna & Pace, 2018; Bandeira et al., 2020;
Vendramin et al., 2023). Apos o periodo de seca, a recolonizagdo do ambiente
aquatico ocorre pela contribuicdo do banco de ovos dormentes e dispersdo por
diferentes vetores (Lopes et al., 2016). O momento em que um estagio dormente
eclode pode influenciar a sua capacidade de chegar ao estagio adulto e/ou voltar a
se reproduzir, definindo o “sucesso” na ecloséo (Vanoverbeke & De Meester, 2009;
Vanschoenwinkel et al.,, 2010). Estagios dormentes depositados em um mesmo
momento podem, por exemplo, eclodir em diferentes momentos dentro de um
mesmo hidroperiodo ou entre hidroperiodos diferentes (Vanoverbeke & De Meester,
2009; Weber et al., 2025). Portanto, diferentes trabalhos avaliaram o padréo
temporal da ecloséo de invertebrados do banco de estagios dormentes (Eskinazi-
Sant'Anna & Pace, 2018; Bandeira et al., 2020; Vendramin et al., 2023). Ainda,
esses estudos podem ser feitos tanto pela abordagem ex situ, simulando condi¢oes
de inundagdo com os estagios dormentes em laboratério, ou ainda in situ,
monitorando as eclosdes diretamente nas areas umidas (Pérez-Martinez et al.,
2013; Bandeira et al., 2020).

Estratégias de eclosbes adiantadas, atrasadas ou espalhadas podem estar
relacionadas com evitar competi¢ao e evitar inundacgodes “falsas”, curtas demais para
completar o ciclo reprodutivo, bem como para garantir recursos (Vanoverbeke & De
Meester, 2009; Jocqué et al., 2010; Eskinazi-Sant’/Anna & Pace 2018). Vanoverbeke
& De Meester (2009) avaliaram os efeitos de inundagdes com condicbes de
diferentes estagdes (comeco e final da primavera e verao) no sucesso da ecloséao e
tempo de resposta em estagios dormentes de Daphnia magna. Os autores
exploraram a eclosao atrasada em curto periodo e a eclosdo atrasada em periodo
intermediario como estratégias dependentes da imprevisibilidade dos hidroperiodos.
Ja eclosdes adiantadas podem estar relacionadas com dominancia competitiva no
comecgo do hidroperiodo (Jocque et al.,, 2010), mas podem resultar em risco de

inundacdes falsas, por exemplo, por conta de dias com variagdes nas condi¢cdes de
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temperatura e precipitacao, que afetam nao sé a disponibilidade de agua, mas
também todo o ciclo de sucessao da area umida (Vanoverbeke & De Meester, 2009).

Eskinazi-SantAnna & Pace (2018) também investigaram diferengas no
padrao temporal de eclosao entre ambientes permanentes, intermitentes/sazonais e
episodicos, encontrando eclosdes mais imediatas em ambientes permanentes e
eclosdes mais atrasadas em ambientes intermitentes/sazonais. Os autores
destacaram que algumas espécies atuam como pioneiras nas comunidades de
ambientes temporarios, além de demonstrarem a influéncia do regime hidrolégico
no padrédo temporal de eclosdes. A eclosao atrasada por alguns dias também é
destacada como uma estratégia para garantir que as condigdes do ambiente apos
a inundagao permitam que o organismo tenha condi¢des favoraveis como recursos
disponiveis e tempo para completar o ciclo de vida e reproduzir (Eskinazi-Sant’/Anna
& Pace, 2018).

Vendramin et al. (2023), encontraram picos de riqueza e abundéancia de
eclosdes apos a fase intermediaria do hidroperiodo em areas umidas de uma regiao
de semiarido. Entretanto, outros estudos em localidades distintas encontraram picos
de riqueza no comeco do hidroperiodo (Hairston et al., 2000; Bandeira et al., 2020),
indicando potenciais variagdes nas estratégias de eclosdo em relagdo as variaveis
ambientais e contexto climatico.

Essas estratégias de ecloséo estdo diretamente relacionadas com o contexto
hidrologico de uma area umida (Brendonck et al., 2017; Eskinazi-Sant’Anna & Pace,
2018; Vendramin et al., 2023). O regime hidrolégico é caracterizado pela frequéncia,
duracao e previsibilidade das inundagdes (Brendonck et al., 2017). Nesse contexto,
estratégias dos organismos para evitar eclosdes em inundagdes curtas, ou para
completar o ciclo de vida rapidamente sao fundamentais.

Objetivos

Em funcéo das variagdes hidroldgicas terem um efeito potencial na produgao
e eclosao de estagios dormentes, e, portanto, das comunidades de invertebrados, o
presente trabalho busca avaliar como as comunidades de invertebrados dormentes
respondem a variagédo de estabilidade hidrologica entre os ambientes campestres e
de dunas. Foram testadas duas hipoteses: (1) que os ambientes de dunas (com
menor estabilidade hidroldégica) apresentardo maior riqueza de espécies e
composicao distinta e (2) que os ambientes de dunas apresentardo mais eclosdes

tardias, enquanto os ambientes de campos apresentarao mais eclosdes adiantadas.
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Abstract

Aquatic invertebrates including zooplanktonic and non-zooplanktonic taxa produce
resting stages to persist during drought periods in temporary wetlands. These resting
stages provide both resistance for these organisms during drought periods, as well as
resilience with the arrival of the first floods. The hydrological stability of temporary
wetlands influences the hatching pattern of dormant stages in the invertebrate community.
Here, we compare the structure and hatching dynamics of dormant stages of the aquatic
invertebrate community of temporary ponds with different levels of hydrological
stability. A total of ten temporary ponds were selected - five dune ponds and five
grassland ponds. A total of 1,469 invertebrates distributed among 22 taxa emerged from
dune and grassland sediments. The total richness of hatchlings did not change between
dune and grassland sediments and nor during the weeks of hydration. The differences in
habitat characteristics and hydrological stability between dune and grassland ponds may
have contributed to the variation in the composition of hatched invertebrates.
Furthermore, our results showed that the hatching of dormant stages of the invertebrate
community from temporary wetlands is spread throughout the entire surface water period,
regardless of pond hydrological stability.

Keywords: dormancy, dune slack, Pampa, temporary wetlands, zooplankton
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Introduction

Many species of aquatic invertebrates inhabiting temporary wetlands possess
physiological and behavioral adaptations to survive two hydrological extreme periods:
flooding and drought (Williams 2006). Dormancy is a strategy adopted by these species
to persist during drought periods, involving two key mechanisms: quiescence and
diapause (Brendonck and De Meester 2003; Brendonck et al. 2017). Quiescence occurs
when the organism enters a hibernation state encased in a protective secretion to endure
unfavorable environmental conditions and it can be observed in some species of rotifers
and copepods. Diapause occurs when the organism produces resting eggs (via sexual
reproduction) that hatch during favorable periods and it can be observed in species of
Cladocera, Rotifera, Copepoda and Anostraca, among other aquatic invertebrates
(Hairston 1996; Caceres 1997; Schroder 2005; Santangelo 2009; Radzikowski 2013). For
example, non-zooplanktonic aquatic invertebrates have different physiological and
behavioral mechanisms to survive desiccation, such as dormant eggs or cysts observed in
flatworms, oligochaetes, collembolans, mayflies, beetles, caddisflies and mosquitoes
(Williams 2006). Besides, nematodes and tardigrades can also have a dormant stage in
life cycle capable of surviving unpredictable habitats (Rebecchi et al. 2007; Guidetti et
al. 2011; Vendramin et al. 2022).

Aquatic invertebrates produce resting stages that accumulate in the sediment,
forming a dormant bank with strong generation overlap that can remain viable for many
years (Hairston and Caceres 1996; Brendonck and De Meester 2003; Brock et al. 2003).
In this sense, the dormant bank acts as a genetic reservoir with important ecological and
evolutionary implications, contributing to the resilience of populations and communities
during the onset of the first floods (Panarelli et al. 2008; Lopes et al. 2016; Brendonck et

al. 2017). The production of dormant stages occurs in response to different environmental
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and biotic stimuli, such as variations in temperature, photoperiod, hydroperiod,
population density and predation (Nielsen et al. 2000; Batzer and Boix 2016; Vargas et
al. 2019; Pires et al. 2023). After rehydration, similar environmental cues can trigger the
hatching of dormant stages in invertebrates from temporary wetlands (Aragjo et al. 2013;
Stenert et al. 2017; Bandeira et al. 2020; Eskinazi-Sant'anna and Pace, 2018; Freiry et al.
2021; Brazil et al. 2022; Vargas et al. 2024).

The alternation between flooding and drying phases in temporary wetlands is a
key predictor of the structure and dynamics of dormant stages (Garcia-Roger, 2000;
Brendonck and De Meester, 2003; Stenert et al. 2017, Vargas et al. 2019). However, the
hydrological regime of temporary wetlands varies in terms of timing, duration, and
frequency of floods due to factors such as regional climate, area size, soil characteristics,
aquatic vegetation, and connectivity with other aquatic ecosystems (Williams 2006;
Mitsch and Gosselink 2015; Vargas et al. 2024). Sediment texture and composition
strongly influence the hydrological regime; sandy sediments with low organic matter
content reduce the retention and persistence of surface water in temporary wetlands
(Penatti and Almeida 2012; Mitsch and Gosselink 2015). In this context, the variable
gradient of water level fluctuations strongly influences the production, hatching, and
reproductive success of populations with dormant stages in temporary wetlands (Tuytens
2014; Brendonck et al. 2017; Pires et al. 2023; Vargas et al. 2024).

The effects of water level fluctuations (here called hydrological stability) on the
structure and hatching dynamics of invertebrate dormant banks may be mediated by
environmental cues, such as physical and chemical water variables, which can signal
whether a flood will be short or prolonged (Brendonck et al. 1998, 2017). In
hydrologically stable wetlands, prolonged and predictable flooding periods are expected

to enhance richness over time through hatching from the dormant bank and dispersal
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(Lopes et al. 2016), as well as through the progressive availability of ecological niches
(Brendonck et al. 2017). In contrast, more unstable environments, characterized by strong
surface water fluctuations and recurrent drying events, are likely to promote more
frequent cues for the production and hatching of invertebrate dormant stages (Araujo et
al. 2013; Nielsen et al. 2013; Stenert et al. 2017; Tarazona et al. 2017; Brazil et al. 2022;
Vargas et al. 2024). However, prolonged drought events, ranging from one year (Vargas
et al. 2024) to 30 years (Nielsen et al. 2013), can negatively affect the viability and
hatching of invertebrate dormant stages in temporary wetlands. Nonetheless, the effects
of hydrological stability on production, hatching and viability of dormant stages are
expected to differ among invertebrate taxa, especially in relation to life cycle duration,
reproductive strategies, and sensitivity to local environmental factors that vary along the
hydroperiod gradient (Brendonck et al. 2017). For example, rotifers may withstand longer
drought periods than microcrustaceans in tropical lakes (Portinho and Perbiche-Neves
2025).

The phenology of zooplankton hatching can vary according to the hydrological
stability of the system, manifesting as either delayed or early responses (Bandeira et al.
2020; Vendramin et al. 2023). The timing of hatching after flooding is crucial for dormant
communities, as it determines their ability to complete their life cycle (Vanoverbeke and
De Meester, 2009). Delayed hatching has often been observed in dormant stages of
zooplanktonic organisms (Evans and Dennehy, 2005; Martinez-Ruiz and Garcia-Roger,
2015) and is associated with environments hydrologically less stable (Vanoverbeke and
De Meester 2009; Brendonck et al. 2017; Vendramin et al. 2022). Moreover, in unstable
hydrologically habitats, dormant stages of zooplankton may hatch in small fractions, thus
reducing the risk of exhausting the dormant bank in response to short flooding events

(Brendonck et al. 2017; Garcia-Roger et al. 2017; Pinceel et al. 2021; Pires et al. 2023).
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Non-zooplanktonic invertebrates might also vary the hatching time, such as tardigrades
(Guidetti et al. 2011).

In southern Brazil, the relationship between invertebrate dormant communities
and the hydrological stability of temporary ponds has not been specifically investigated.
In this sense, the aim of this study was to compare the structure and temporal dynamics
(phenology) of hatching from dormant stages of aquatic invertebrates among temporary
ponds with different levels of hydrological stability. To achieve this, dune and grassland
ponds were analyzed in the same geographic and climatic region in southernmost Brazil.
Using an ex-situ approach, we compared the richness and composition of hatchlings from
dormant communities over four weeks of incubation. Since dune and grassland ponds
have distinct sediment compositions that influence water retention capacity and
consequently the hydrological stability, which may act as an environmental filter for
invertebrate taxa, our first hypothesis is that the richness of hatchlings will be greater in
ponds with lower hydrological stability (dunes) than ponds with higher hydrological
stability (grasslands), and the composition of hatched invertebrates will differ between
dune and grassland ponds. Since delayed hatching has often been associated with
hydrologically less stable environments, our second hypothesis is that hatching patterns
will be different between ponds with different degrees of hydrological stability; more
specifically, more delayed hatching responses are expected to occur equally across all
invertebrate taxa in ponds with a lower hydrological stability over time (dunes) than

ponds with higher hydrological stability (grasslands).

Material and Methods

Study Area
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Sampling was conducted in the Coastal Plain of the Pampa region, in the southernmost
portion of Brazil, Rio Grande municipality, Rio Grande do Sul State (Fig. 1). The region
has a flat topography and moist subtropical climate. The absence of hills and the low
altitude make the precipitation and temperature similar throughout the study area (Rambo
2000). This region presents a sand dune landscape with typical dune herbaceous
vegetation, which is replaced by grassland landscape towards the inland continent
(Seeliger 1998). Both dune and grassland landscapes are marked by small ponds formed
by precipitation, with variable surface flooding area throughout the year, including ponds
that dried out from spring to late summer (Seeliger 1998; Pillar et al. 2009). The annual
precipitation ranges from 1,300 to 1,600 mm, uniformly distributed throughout the year,
without a dry season (Alvares et al. 2013). The mean temperatures range between 14.6
°C in winter and 22.2 °C in summer, and the mean annual temperature is 17.5 °C (Alvares

etal. 2013).
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Fig. 1. Map showing the study area, highlighting the selected ponds. The coastal strip is
characterized by the dune landscape, which is adjacent to the grassland landscape, toward

the continent interior. G = Grassland ponds; D = Dune ponds.

Sampling design and environmental variables

Ten small ponds were selected among many others for the study during March 2024, five
ponds in a dune landscape (henceforth ‘dune ponds’) and five ponds in a grassland
landscape (henceforth ‘grassland ponds’) (Fig. 1). The selected ponds were isolated (had
no connectivity between them), and the minimum distance between them was 700 m. All
ponds had similar areas (< 0.2 ha) and water depth < 0.4 m. The following environmental
variables were monitored at each pond during a period of nine months, from June 2024
to February 2025 (six times, in June, July, September, November, December, February)
to provide a broader description and comparison of the variables between dune and
grassland ponds: area (measured by walking around the perimeter of the wetland with a
GPS), hydrological stability (measured by the variation of the surface flooding area over
the monitoring period) and number of drought events in the monitored months; and water
depth, pH, temperature, dissolved oxygen, electrical conductivity, water turbidity, total
dissolved solids (TDS), oxidation reduction potential (ORP) and salinity, measured with
a multiparameter water quality checker (HORIBA 207 U-22 Water Quality Checker).
One sediment sample was collected in each pond for measurement of organic matter
percentage in March 2024. The organic matter content was determined by drying the

sediment at 60°C for 24 h and burning it for 5 h in an oven at 550°C.

Sediment sampling, incubation experiment and hatchling identification
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In each pond, twelve sediment subsamples were randomly collected with a garden trowel
(~100 g per subsample) from the topsoil layers (5-cm deep) in March 2024. The
subsamples were pooled into a single sample per pond (~1 kg) in 5-L dark plastic bags.
All grassland ponds and one dune pond contained water at the time of sediment sampling.
In the laboratory, sediments from these ponds were dehydrated in a dark oven at 40 °C
for at least 96 hours to standardize desiccation, and subsequently homogenized.

The incubation experiment was conducted in May 2024, using 500 g of the
homogenized sediment from each pond. Sediment was distributed into plastic trays
(34x18x10 cm), each tray representing one pond. Distilled water was used to submerge
the sediment, with a 2 cm water column (Hoffmann et al. 2023), which was maintained
constant throughout the incubation by periodically adding distilled water. The experiment
lasted 27 days (April 30™ to May 27™) and the trays were kept at a temperature of 18 + 3
°C (comparable with flooded field conditions recorded during the sampling season) and
a photoperiod cycle of 12h light/dark, using a climate-controlled room. Hatchlings were
collected every 3 to 4 days, specifically on Mondays and Thursdays, using three
standardized sweeps with a small hand-net (50 um mesh size) adapted to the dimensions
of the tray. This sampling procedure was used to minimize the chance of parthenogenetic
reproduction (Brock et al. 2003; Dar¢ et al. 2024). Hatchlings were isolated and counted
under a stereomicroscope and transferred to microtubes with 80% ethanol. Unhatched
dormant stages found were returned to the trays exactly as observed. Crustaceans and
rotifers were identified to genus or species level when possible, using both specialized
literature (Koste 1978; Elmoor-Loureiro 1997; Elmoor-Loureiro 2000; Sousa and
Elmoor-Loureiro 2019), consulting specialists and with the assistance of a specialized

website for the identification of cladocerans (https://cladocera.wordpress.com/).
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Data analysis
The hydrological stability of each pond was represented by the coefficient of variation
(standard deviation divided by the mean) based on the variation of the surface flooding
area over the monitoring period. The environmental variables of dune and grassland
ponds were reduced by principal component analysis (PCA) based on the mean values of
the water physical and chemical variables measured during the monitoring period and on
a single value of the organic matter (since one sediment sample was collected from each
pond) and coefficient of variation of flooding surface area. We conducted the PCA to
visualize the most important environmental variables (limnological, sediment, and
hydrological characteristics) that explain the differences between dune and grassland
ponds. Additionally, differences in environmental variables between dune and grassland
ponds were analyzed using a multivariate analysis of variance (MANOVA) based on the
scores of the first two principal components (Axis 1 and Axis 2) from the PCA ordination.
We built a species accumulation curve to show the increase of the number of taxa
for both dune and grassland ponds during the experiment. To compare the richness of
hatchlings between dune and grassland ponds (Hypothesis 1) and the temporal hatching
patterns among incubation weeks (Hypothesis 2), we used a Generalized Linear Mixed
Model (GLMM). We categorized each sampling day for the corresponding week of the
experiment (sampling days 1, 2 and 3 =week 1; sampling days 4 and 5 = week 2; sampling
days 6 and 7 = week 3; and sampling days 8 and 9 = week 4). In the model, the richness
is the response variable, while the hydration week and the pond type (dune and grassland)
are the explanatory fixed effects, as well as an interaction effect. Each sampling day was
accounted for as a random effect. We fitted the GLMM with Poisson distribution and log
link and checked the assumptions of the model with diagnostic plots. We evaluated the

significance of model terms using a Likelihood Ratio Test (LRT).
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To assess variation in the taxa composition between dune and grassland ponds
(Hypothesis 1) and among incubation weeks (Hypothesis 2), we used principal coordinate
analysis (PCoA) and permutational multivariate analysis of variance (PERMANOVA)
using the Jaccard distance matrix and 9,999 permutations to validate the model
significance. We verified the dispersion of beta diversity between weeks, pond types
(dune and grassland) and the combinations of both (weeks and pond types), using the
betadisper method from vegan package (Oksanen et al. 2024).

The Indicator Species Analysis (IndVal; Dufréne and Legendre 1997) was utilized
to identify invertebrate taxa associated with each pond type and weeks of the incubation
experiment. The statistical significance of the observed IV for each invertebrate taxa was
assessed through 9,999 permutations. All analytical procedures were performed using the
packages vegan (Oksanen et al. 2024), Ime4 (Bates 2015), DHAMRA (Hartig 2024),
FactoMineR (L¢ et al. 2008), ggplot2 (Wickham 2016) and indicspecies (De Caceres and

Legendre 2009) in R v 4.4.0 (R Core Team 2024).

Results

Environmental variables

The PCA showed a separation between grassland and dune ponds based on
environmental variables, which was further supported by the results of the multivariate
analysis of variance (MANOVA) (F;s = 10.837, P = 0.007) (Fig. 2). The two principal
components explained 42.73% and 22.1% of the data variation, respectively. The first
component was positively correlated with conductivity, turbidity, total dissolved solids,
salinity and organic matter percentage and negatively correlated with oxidation reduction
potential. The second component was positively correlated with pH and coefficient of

variation. Among the environmental variables, pH, temperature and oxidation reduction
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potential were higher in dune ponds, whereas turbidity, conductivity and sediment
organic matter were higher in grassland ponds (Table 1, Fig. 2). The sediment organic
matter ranged from 0.2% to 7.2% in dune ponds, and from 8.4% to 41.7% in grassland
ponds (Table 1). The hydrological stability was lower in dune ponds compared to
grassland ponds since the average of the coefficient of variation was 102.9% in grassland
ponds and 150% in dune ponds. Besides, the grassland ponds had a lower mean number
of droughts (1.8) than dune ponds (2.4) during the monitored period (Table 1).

Fig. 2. PCA biplot of the environmental variables measured in the ponds, separated by

dune and grassland ponds
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A total of 1,469 invertebrates distributed among 22 taxa emerged from dune and grassland
sediments, including zooplanktonic species of crustaceans (cladocerans, anostracans,
conchostracans, ostracods and copepods), bdelloid and monogonont rotifers, and non-
zooplanktonic invertebrate taxa such as collembolans, Acari, nematodes, oligochaetes,
microturbellarians and tardigrades (Table 2). Eight taxa were found in both dune and
grassland ponds. However, some taxa emerged exclusively from dune sediments (seven
taxa), such as collembolans, the monogonont rotifers Dipleuchlanis propatula and
Euchlanis sp., the harpacticoid copepods and the cladocerans Pleuroxus sp., Ovalona
glabra and Ceriodaphnia quadrangula. Some invertebrate taxa occurred only in
sediments rehydrated from grassland ponds (seven taxa), including monogonont and
bdelloid rotifers, anostracans, conchostracans and the cladocerans Simocephalus cf.
serrulatus and Leydigia striata.

The total richness of hatchlings did not change between dune and grassland
sediments (GLMM, LR Chisq = 0.152, d.f= 1, P = 0.697) nor during the weeks of
hydration (GLMM, LR Chisq =3.272,d.f=2, P=0.195) (Fig. 3). No interaction between
weeks and pond types was observed in invertebrate richness (GLMM, LR Chisq = 4.022,
d.f=3, P=0.259) (Fig. 3). The species accumulation curve showed that the increase of
invertebrate taxa richness was similar and gradual between dune and grassland sediments

during the sampling events of the experiment (Fig. 4).
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Fig. 4. Cumulative richness of all ponds, separated by dune and grassland ponds.

The composition of invertebrate hatchlings varied between grassland and dune
ponds (R’ = 0.036, F;79 = 3.693, P = 0.001), and among the weeks of the incubation
experiment (R’ = 0.124, F379 = 4.174, P = 0.001) (Fig. 5). There was an interaction
between weeks and pond types (R?= 0.053, F379 = 1.806, P = 0.025), showing that the

composition changed between grassland and dune ponds over the experiment. The
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composition variation between dune and grassland ponds was more affected by internal
dispersion of beta diversity, as shown by the Betadisper analysis (F,s5=7.981, P=0.014,
Fig. 5a). Similarly, the composition variation among weeks was also affected by internal
dispersion in both dune and grassland ponds (F3s3 = 3.890, P = 0.010. Fig. 5b). Dune
ponds showed greater visual segregation than grassland ponds in the composition of
invertebrate hatchlings between the initial (early hatching) and final weeks (delayed
hatching) of the experiment, which may be related to the interaction effect observed in

the PERMANOVA (Fig. 5b).
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Fig. 5. a) PCoA plot showing the composition of invertebrate hatchlings and their

variation between dune and grassland ponds, and b) among the weeks of the incubation

experiment (Weeks 1 to 4).

37



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

Tardigrades, Acari, and collembolans mostly emerged after the second week of
hydration. Collembolans were found only in dune ponds, while tardigrades and Acari
occurred in both dune and grassland ponds. Anostracans only hatched in the first week of
hydration and conchostracans only hatched during the middle of the experiment in
grassland ponds. Although ostracods and cladocerans — both in dune and grassland ponds
— spread their hatchlings mostly after the first week of hydration, copepods only hatched
in the final week of hydration. Nematodes, oligochaetes and bdelloid rotifers emerged
throughout all weeks of the hydration experiment in both dune and grassland ponds. The
Indicator Species Analysis summarizes hatchling patterns in both grassland and dune
ponds throughout the incubation weeks (Table 3), highlighting that while some taxa
emerged later and exclusively from dune pond sediments (e.g., Aelossomatidae sp. 2),
others were associated with grassland ponds, hatching from mid to late in the sediment
hydration period (e.g., Simocephalus cf. serrulatus). Additionally, some taxa occurred in
both dune and grassland ponds, either at the beginning (Platyhelminthes), at the end

(Acari), or throughout nearly the entire hydration period (Nematoda, Adineta sp.).

Discussion

In this study we analyzed the hatching of dormant invertebrates over time in
sediments from temporary ponds with different hydrological stability (grassland and dune
ponds). Our results showed that sediments from dune ponds had a lower concentration of
organic matter and lower hydrological stability when compared to grassland ponds. Some
studies indicated that sandy sediments (with large particles) associated with low amounts
of organic matter reduce the surface water retention capacity of intermittent wetlands
throughout the year (Penatti and Almeida 2012; Mitsch and Gosselink 2015). The lower

hydrological stability and the higher frequency of drought events in dune ponds compared
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to grassland ponds during the monitoring period may have contributed to the observed
variations in their physical and chemical parameters.

Although the richness of invertebrate hatchlings was similar between the dune and
grassland ponds, the composition did not, partially corroborating our first hypothesis that
the richness and composition of hatchlings would be different among ponds with different
hydrological stability. The similarity in richness may be attributed to a trade-off involving
invertebrate taxa that were unique to each environment. Some species of rotifers
(Dipleuchlanis propatula and Euchlanis sp.) and cladocerans (Pleuroxus sp., Ovalona
glabra and Ceriodaphnia quadrangula) occurred only in dune ponds, and Simocephalus
cf. serrulatus and Leydigia striata hatched only in grassland ponds. Several studies have
shown that habitat characteristics influence the structure of dormant propagule banks of
aquatic invertebrates (Garcia-Roger et al. 2006; Brendonck et al. 2017; Portinho et al.
2017; Stenert et al. 2017; Vargas et al. 2019; Chaparro et al. 2021; Freiry et al. 2021).
The differences in habitat characteristics (granulometry, sediment organic matter and
physical and chemical characteristics of the water) and hydrological stability may have
been responsible for the composition dissimilarity of hatched invertebrate taxa between
dune and grassland ponds.

More specifically, the hydrological variation between dune and grassland ponds
may have influenced hatchling composition both directly (e.g., by affecting sediment
conditions for hatching) and indirectly (through historical ecological processes or the
assembly of the dormant bank). Hydrological stability can act as an environmental filter
for certain taxa, while favoring others, particularly depending on their life cycle strategies
and the time required to complete development after hatching (Brendonck et al., 2017).
Shorter hydroperiods and greater surface water variability in dune ponds may result in

more frequent cues to produce dormant stages, potentially favoring species capable of
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responding rapidly to the specific stimuli of these habitats (Golladay et al., 1997; Stenert
et al., 2017). However, other factors should not be ruled out as drivers of dissimilarity
between dune and grassland ponds, such as dispersal, which is a key ecological process
influencing the structure and dynamics of populations and communities in response to
hydrological variability (Vanschoenwinkel et al. 2008; Brendonck et al. 2017).

The similarity in invertebrate richness between dune and grassland ponds over the
experiment shows that the invertebrate taxa spread their hatchings throughout the flood
cycle, regardless of pond hydrological stability. Spreading hatching over the flooding
period is a fundamental strategy of aquatic organisms to endure extreme conditions in
wetlands (Vanoverbeke and De Meester 2009). In unpredictable regions, dormant
invertebrates and vertebrates can spread their hatchings over several floods (Pinceel et al.
2021; Pires et al. 2022; Weber et al. 2024). Furthermore, the spreading of propagule
hatchings observed over time in both dune and grassland ponds can be seen as a strategy
to avoid intra- and interspecific competition for natural resources (Jocqué et al. 2010;
Pinceel et al. 2021).

The accumulated invertebrate richness over the experiment was similar between
dune and grassland sediments, refuting our second hypothesis that more delayed hatching
responses would be observed in dune than grassland ponds. These results also showed
that the hatching of dormant stages of different invertebrate taxa was distributed over
time. The timing of dormancy breaking is an important characteristic of intermittent
ponds, as it determines colonization and population patterns (De Stasio 1990). Vendramin
et al. (2023) found a significant increase of richness of zooplankton hatchlings on the
middle-to-late phase (third and fourth weeks) compared to the beginning of the wet phase

in intermittent wetlands of the Brazilian tropical semiarid. In contrast, Bandeira et al.
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(2020) observed high peaks of microcrustacean hatchings at the beginning of the
hydrological phase in intermittent wetlands of southern Brazil.

Some taxa (Anellida, Nematoda and Rotifera) hatched throughout the whole study
period. Hoffmann et al. (2023) found a high abundance of Aeolossomatidae annelids in
different depths of sediment in intermittent ponds. These organisms form desiccation-
resistant cysts, possibly induced by adverse environmental conditions (Glasby et al.
2021). Nematodes can enter in a quiescent stage capable of surviving desiccation and
possibly extremes temperatures (Poinar Jr. 2010). Monogononta rotifers showed slow
responses to hydration, with no hatching at the beginning of the experiment, unlike
Bdelloidea rotifers (Adineta sp.), which maintained hatching throughout the hydration
period. The rapid hatching response of bdelloid rotifers in hydrated sediments has already
been observed in studies of temporary ponds (Ricci 2001; Vendramin et al. 2023). These
rotifers are anhydrobiotic organisms with morphological, physiological and biochemical
adaptations to withstand the drastic loss of water and be able to recover their metabolism
when rehydrated (Rebecchi 2013).

Crustaceans showed differences between the taxa analyzed. Anostracans only
hatched in the first week of hydration. Some studies have shown that Anostraca nauplii
were the first crustaceans to emerge from the rehydrated sediment in wetlands (Jocque et
al. 2010; Vendramin et al. 2023). Ostracods hatched from the second week onwards and
predominated in the final phase of the experiment, similarly to other studies carried out
in intermittent ponds (Bandeira et al. 2020; Vendramin et al. 2023). Cladocerans emerged
throughout the weeks of the experiment, but some taxa predominated in specific periods.
Stenert et al. (2016) found differences in cladoceran hatching dynamics: while some
species predominate at the beginning of hydration, others delay hatching over the weeks

in ponds of southern Brazil. Tardigrades showed different hatching patterns between the
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ponds studied. These organisms can exhibit both forms of dormancy (quiescence and
diapause) which can occur separately or simultaneously to survive unpredictable habitats
(Guidetti et al. 2011; Vendramin et al. 2022). While tardigrade quiescence includes
anhydrobiosis, cryobiosis, and anoxybiosis, diapause involves strategies such as
encystment, cyclomorphosis, and the production of resting eggs, reflecting a broad
spectrum of dormancy mechanisms (Guidetti et al. 2011). Although we did not assess
species-level identification or determine which specific structures were produced by the
tardigrades found, some species within this group have been reported to exhibit bet-
hedging strategies (Guidetti et al. 2011).

As potential limitations of the study, our results and conclusions may be
influenced by the inherent biases associated with laboratory-controlled conditions, as
various environmental cues affect hatching success (Freiry et al. 2021; Vendramin et al.
2023), including temperature and photoperiod, which signal specific seasons, as well as
the risk of false flooding in unstable aquatic systems (Brendonck et al. 2017). Previous
studies have demonstrated that the requirements for breaking dormancy in invertebrate
resting stages are species-specific (Brendonck and De Meester 2003; Vandekerkhove et
al. 2005). Furthermore, although the sampling frequency used during the incubation
period may have significantly reduced the risk of parthenogenetic reproduction among
hatched individuals, its occurrence cannot be definitively excluded from the experiment.

In conclusion, our results highlighted the structure and temporal dynamics of
hatching from dormant stages of aquatic invertebrates in temporary ponds subjected to
different levels of hydrological stability. Interdunal depressions represent highly unique
and threatened ecosystems at risk of disappearance (Grootjans 2002; Stewart and
Schriever 2023). Ponds located within these depressions harbored dormant invertebrate

communities with richness comparable to those found in nearby grassland ponds, but with
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distinct taxa composition. Furthermore, variations in hatching patterns among taxa
suggest that, in both grassland and dune ponds of southernmost Brazil, aquatic
invertebrates adopt bet-hedging strategies regardless of hydrological stability. We
emphasize the need for future studies using sediment collected at different times to enable
more robust inferences about the structure and dynamics of invertebrate hatching

throughout the complete hydrological cycle of these temporary wetlands.
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Table 1. Mean and standard deviation of the environmental variables obtained for each pond. Pond (G = grassland, D = dune), VC (coefficient of variation of
flooding surface area), ORP (oxidation reduction potential), DO (dissolved oxygen) and TDS (total dissolved solids).

Pond m(ztrtg;n(i;) VC (%) Numbeervzrﬁt‘im“ght pH Temgeé;‘mre ORP (mV) CEE‘;‘;CC:I‘IVII)W T(‘;f]bTi%i)ty DO (mg/L)  TDS (eL))  Salinity (%)
Gl 28.5 109.21 2 (Dec, Feb) 6.13+£037 20.17+3.50 117.33+£87.00  2.19+132  643.33+£23549  6.34+3.79 1.40+£0.85  0.11+0.07
G2 19.1 81.05 1 (Feb) 567+0.67 2025+3.50 34425+71.10 0.0552+0.01 212.82+273.90 8.02+1.77  0.04+0.01 0.00
G3 41.7 63.32 1 (Feb) 6.24+0.82 2095+3.63 22025+6240  0.172+0.05  170.47+7575  4.13+1.10  0.11+0.03  0.01+0.00
G4 9.4 106.12 2 (Dec, Feb) 6.11+£028 19.63+4.80 270.33+136.00 0.0923+0.02 414.80+£309.86 8.55+2.80  0.06+0.01  0.003 =+ 0.006
G5 8.4 154.70 3 (Jul, Dec, Feb) 6.70+0.76 22.87+3.66 141.00+£235.00 0.282+0.07 419.45+46322  6.19+399  0.18+0.04  0.015+0.007
DI 1.8 148.82 3 (Jul, Dec, Feb) 6.88+0.18 22.69+649 257.00+46.70  0.351+£0.06 142.75+162.99  541+038  023+0.04 0.015+0.007
D2 0.7 135.51 2 (Dec, Feb) 7.82+£0.62 21.79+7.60 295.00+38.40  0.395+0.03 28.33 + 38.99 7.50 +0.25 0.26 + 0.02 0.02 + 0.00
D3 7.2 229.06 4 (Jul, Nov, Dec, Feb) 7.22 19.29 251.00 0.41 78.6 3.27 0.27 0.02
D4 0.2 147.84 2 (Dec, Feb) 7.00+0.23 18.68+57  307.66+72.00  0.438+0.08  70.77+120.58  6.11+2.35  028+0.05  0.023+0.006
D5 33 88.95 1 (Feb) 7.42+£0.94 2147+6.12 201.75+132.00 0.494+0.12  184.35+207.80  7.74 +5.43 0.32+0.08  0.025+0.006
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Table 2. Invertebrate hatchlings and respective sum of individuals per week (W) in both dune and grasslands ponds.

Dune ponds

Grassland ponds

Phylum Class Subclass Superorder  Order Family Taxa W1 W2 W3 W4 W1 W2 W3 W4
Anellida Aclossomatidae Aelossomatidae sp. 1 10 4 0 6 32 31 3 7
Aclossomatidae sp. 2 0 9 72 282 3 3 0 2

Nematoda 46 12 7 1 108 80 51 23
Platyhelminthes Turbellaria 10 3 0 0 12 10 0 0
Tardigrada 1 0 0 0 0 0 1 1
Rotifera Bdelloidea Adineta sp. 2 1 5 7 4 4 9 9
Bdelloidea sp. 1 0 0 0 0 0 0 1 0
Monogononta Monogononta sp. 1 0 0 0 0 0 6 0 0
Lecanidae Lecane bulla 0 0 0 0 0 0 0 3
Euchlanidae Dipleuchlanis propatula 0 9 11 5 0 0 0 0
Euchlanis sp. 0 0 1 0 0 0 0 0
Arthropoda Arachnida Acari 0 0 6 6 0 0 1 2
Collembola 0 2 3 4 0 0 0 0
Branchiopoda Anostraca 0 0 0 0 13 0 0 0

Anomopoda  Daphniidae Simocephalus cf. serrulatus 0 0 0 0 0 6 23 10
Ceriodaphnia quadrangula 1 6 0 0 0 0 0 0
Chydoridae Ovalona glabra 0 1 31 57 0 0 0 0
Pleuroxus sp. 1 9 301 6 0 0 0 0
Leydigia striata 0 0 0 0 2 1 3 0
Conchostraca 0 0 0 0 0 4 | 0
Ostracoda 0 6 40 13 0 0 0 2
Copepoda Harpacticoida 0 0 0 1 0 0 0 0

Total 71 62 477 388 {174 145 93 59
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Table 3. Summary output of the Indicator Species Analysis for dune and grassland ponds (pond type) and the respective weeks. The analysis

allowed combinations of each pond type with the weeks of hydration.

Pond type Weeks Taxa v P value
Dune Week 3 + Week 4 Aclosomatidae sp. 2 0.640 0.005
Week 2 + Week 3 + Week 4 Collembola 0.491 0.025
Grassland Week 2 Monogononta sp. 1 0.447 0.045
Week 3 Leydigia striata 0.437 0.040
Week 2 + Week 3 + Week 4 Simocephalus cf. serrulatus 0.483 0.015
Both Dune Week 3 + Week 4 +
Acari 0.496 0.020
Grassland Week 4 ca
Dune Week 1 + Week 2 +
Tuberllaria (Platyhelminthes) 0.661 0.005
Grassland Week 1 + Week 2
Dune Week 1 + Week 4 +
Aeclossomatidae sp. 1 0.756 0.005
Grassland Week 1 + Week 2
Dune Week 3 + Week 4 +
Adineta sp. 0.626 0.045
Grassland Week 2 + Week 3 + Week 4
Dune Week 1 + Week 2 + Week 3 +
Nematoda 0.821 0.005
Grassland Week 1 + Week 2 + Week 3 + Week 4
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Figure legends

Fig. 1. Map showing the study area, highlighting the selected ponds. The coastal strip is
characterized by the dune landscape, which is adjacent to the grassland landscape, toward the
continent interior. G = Grassland ponds; D = Dune ponds.

Fig. 2. PCA biplot of the environmental variables measured in the ponds, separated by dune
and grassland ponds.

Fig. 3. Richness of the sampling days in each hydration week, separated by dune and grassland
ponds.

Fig. 4. Cumulative richness of all ponds, separated by dune and grassland ponds.

Fig. 5. a) PCoA plot showing the composition of invertebrate hatchlings and their variation
between dune and grassland ponds, and b) among the weeks of the incubation experiment

(Weeks 1 to 4).
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CONSIDERAGOES FINAIS E PERSPECTIVAS

O presente trabalho trouxe novas informacdes sobre o papel da estabilidade
hidrolégica nas comunidades dormentes de invertebrados aquaticos em areas umidas no
sul do Brasil. Sdo encontrados padrbes semelhantes de estrutura de comunidade e de
eclosbes nas matrizes ambientais (dunas e campos), independente da estabilidade
hidrologica.

Nao foram detectadas variagdes significativas de riqueza entre as comunidades de
campos e dunas. Esse resultado é importante para a literatura sobre ambientes de dunas,
demonstrando que esses ambientes abrigam uma diversidade semelhante aos ambientes
de campo, mesmo apresentando condigdes mais severas de instabilidade hidroldgica.
Esse resultado também demonstra a importancia dos estagios dormentes para a
resiliéncia da comunidade nesse tipo de ambiente. Entretanto, variagcbes nas
comunidades dos ambientes com diferentes estabilidades hidrologicas foram detectadas,
ainda que com diferencas individuais marcantes. As comunidades de dunas e campos
podem ter sido influenciadas por outros fatores além da estabilidade hidroldgica, como a
dinadmica de dispersao das espécies e efeitos da paisagem.

Quanto a dinamica de eclosoes, trabalhos recentes, como Vendramin et al. (2023),
Bandeira et al. (2020), e Eskinazi Sant’/Anna & Pace (2018) demonstraram que a estrutura
da comunidade de invertebrados varia ao longo do periodo de hidratacdo do sedimento
em areas com diferentes niveis de permanéncia hidrolégica. Nossos resultados
contribuem para essa literatura, mostrando que, em areas intermitentes, que secam
anualmente, os organismos variam nas estratégias de eclosao independentemente do
nivel de permanéncia hidrolégica dessas areas. Tanto nas areas de dunas, como nas
areas de campos, a composigao de espécies variou ao longo das semanas de hidratagao,
embora sem padrdes distintos de riqueza acumulada, contradizendo nossa hipotese
inicial de que areas com maior instabilidade hidrolégica apresentariam eclosdes mais
atrasadas.

Estudos futuros podem explorar mais aspectos da variagdo da comunidade ao
longo do hidroperiodo, incorporando, por exemplo, outras facetas da diversidade, como
as abordagens funcional e filogenética, que podem revelar outros padrées, como ja
testado por Rosa et al. (2021). Além disso, também é necessario explorar uma abordagem

mecanicista, de como ocorre a sinalizacdo para eclosdes mais adiantadas ou atrasadas
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nos organismos, bem como efeitos da instabilidade hidrolégica na producéo de estagios

dormentes, algo ainda pouco estudado em areas umidas subtropicais.
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Abstract

Aquatic invertebrates including zooplanktonic and non-zooplanktonic taxa produce resting stages to persist during drought
periods in temporary wetlands. These resting stages provide both resistance for these organisms during drought periods,
as well as resilience with the arrival of the first floods. The hydrological stability of temporary wetlands influences the
hatching pattern of dormant stages in the invertebrate community. Here, we compare the structure and hatching dynamics
of dormant stages of the aquatic invertebrate community of temporary ponds with different levels of hydrological stability.
A total of ten temporary ponds were selected - five dune ponds and five grassland ponds. A total of 1,469 invertebrates
distributed among 22 taxa emerged from dune and grassland sediments. The total richness of hatchlings did not change
between dune and grassland sediments and nor during the weeks of hydration. The differences in habitat characteristics
and hydrological stability between dune and grassland ponds may have contributed to the variation in the composition of
hatched invertebrates. Furthermore, our results showed that the hatching of dormant stages of the invertebrate community
from temporary wetlands is spread throughout the entire surface water period, regardless of pond hydrological stability.

Keywords Dormancy - Dune slack - Pampa - Temporary wetlands - Zooplankton

Introduction

Many species of aquatic invertebrates inhabiting temporary
wetlands possess physiological and behavioral adaptations
to survive two hydrological extreme periods: flooding and
drought (Williams 2006). Dormancy is a strategy adopted
by these species to persist during drought periods, involving
two key mechanisms: quiescence and diapause (Brendonck
and De Meester 2003); Brendonck et al. 2017). Quiescence
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occurs when the organism enters a hibernation state encased
in a protective secretion to endure unfavorable environmen-
tal conditions and it can be observed in some species of
rotifers and copepods. Diapause occurs when the organism
produces resting eggs (via sexual reproduction) that hatch
during favorable periods and it can be observed in species
of Cladocera, Rotifera, Copepoda and Anostraca, among
other aquatic invertebrates (Hairston 1996; Caceres 1997;
Schroder 2005; Santangelo 2009; Radzikowski 2013). For
example, non-zooplanktonic aquatic invertebrates have dif-
ferent physiological and behavioral mechanisms to survive
desiccation, such as dormant eggs or cysts observed in flat-
worms, oligochaetes, collembolans, mayflies, beetles, cadd-
isflies and mosquitoes (Williams 2006). Besides, nematodes
and tardigrades can also have a dormant stage in life cycle
capable of surviving unpredictable habitats (Rebecchi et al.
2007; Guidetti et al. 2011; Vendramin et al. 2022).

Aquatic invertebrates produce resting stages that
accumulate in the sediment, forming a dormant bank
with strong generation overlap that can remain viable for
many years (Hairston and Caceres 1996; Brendonck and
De Meester 2003; Brock et al. 2003). In this sense, the
dormant bank acts as a genetic reservoir with important
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hydrological stability; more specifically, more delayed
hatching responses are expected to occur equally across
all invertebrate taxa in ponds with a lower hydrological
stability over time (dunes) than ponds with higher hydro-
logical stability (grasslands).

Materials and methods
Study Area

Sampling was conducted in the Coastal Plain of the Pampa
region, in the southernmost portion of Brazil, Rio Grande
municipality, Rio Grande do Sul State (Fig. 1). The region
has a flat topography and moist subtropical climate. The
absence of hills and the low altitude make the precipi-
tation and temperature similar throughout the study area
(Rambo 2000). This region presents a sand dune land-
scape with typical dune herbaceous vegetation, which is
replaced by grassland landscape towards the inland conti-
nent (Seeliger 1998). Both dune and grassland landscapes
are marked by small ponds formed by precipitation,

52.25°W 52.20°W 52.15°W

with variable surface flooding area throughout the year,
including ponds that dried out from spring to late sum-
mer (Seeliger 1998). The annual precipitation ranges from
1,300 to 1,600 mm, uniformly distributed throughout the
year, without a dry season (Alvares et al. 2013). The mean
temperatures range between 14.6 °C in winter and 22.2 °C
in summer, and the mean annual temperature is 17.5 °C
(Alvares et al. 2013).

Sampling Design and Environmental Variables

Ten small ponds were selected among many others for
the study during March 2024, five ponds in a dune land-
scape (henceforth ‘dune ponds’) and five ponds in a grass-
land landscape (henceforth ‘grassland ponds’) (Fig. 1).
The selected ponds were isolated (had no connectivity
between them), and the minimum distance between them
was 700 m. All ponds had similar areas (<0.2 ha) and
water depth<0.4 m. The following environmental vari-
ables were monitored at each pond during a period of nine
months, from June 2024 to February 2025 (six times, in
June, July, September, November, December, February)

52.10°W

32.10°s

32.15°S

32.20°5

32.25°s

U D5

A

Fig.1 Map showing the study area, highlighting the selected ponds. The coastal strip is characterized by the dune landscape, which is adjacent to
the grassland landscape, toward the continent interior. G=Grassland ponds; D=Dune ponds
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to provide a broader description and comparison of the
variables between dune and grassland ponds: area (mea-
sured by walking around the perimeter of the wetland with
a GPS), hydrological stability (measured by the variation
of the surface flooding area over the monitoring period)
and number of drought events in the monitored months;
and water depth, pH, temperature, dissolved oxygen, elec-
trical conductivity, water turbidity, total dissolved solids
(TDS), oxidation reduction potential (ORP) and salinity,
measured with a multiparameter water quality checker
(HORIBA 207 U-22 Water Quality Checker). One sedi-
ment sample was collected in each pond for measurement
of organic matter percentage in March 2024. The organic
matter content was determined by drying the sediment at
60 °C for 24 h and burning it for 5 h in an oven at 550 °C.

Sediment Sampling, Incubation Experiment and
Hatchling Identification

In each pond, twelve sediment subsamples were randomly
collected with a garden trowel (~100 g per subsample)
from the topsoil layers (5-cm deep) in March 2024. The
subsamples were pooled into a single sample per pond
(~1 kg) in 5-L dark plastic bags. All grassland ponds and
one dune pond contained water at the time of sediment
sampling. In the laboratory, sediments from these ponds
were dehydrated in a dark oven at 40 °C for at least 96 h
to standardize desiccation, and subsequently homogenized.

The incubation experiment was conducted in May 2024,
using 500 g of the homogenized sediment from each pond.
Sediment was distributed into plastic trays (34 x 18 x 10 cm),
each tray representing one pond. Distilled water was used
to submerge the sediment, with a 2 cm water column (Hoff-
mann et al. 2023), which was maintained constant through-
out the incubation by periodically adding distilled water. The
experiment lasted 27 days (April 30th to May 27th) and the
trays were kept at a temperature of 18+3 °C (comparable
with flooded field conditions recorded during the sampling
season) and a photoperiod cycle of 12 h light/dark, using a
climate-controlled room. Hatchlings were collected every
3 to 4 days, specifically on Mondays and Thursdays, using
three standardized sweeps with a small hand-net (50 pm
mesh size) adapted to the dimensions of the tray. This sam-
pling procedure was used to minimize the chance of parthe-
nogenetic reproduction (Brock et al. 2003; Daré et al. 2024).
Hatchlings were isolated and counted under a stereomi-
croscope and transferred to microtubes with 80% ethanol.
Unhatched dormant stages found were returned to the trays
exactly as observed. Crustaceans and rotifers were identified
to genus or species level when possible, using both special-
ized literature (Koste 1978; Elmoor-Loureiro 1997, 2000;
Sousa and Elmoor-Loureiro 2019), consulting specialists
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and with the assistance of a specialized website for the iden-
tification of cladocerans (https://cladocera.wordpress.com/).

Data Analysis

The hydrological stability of each pond was represented by
the coefficient of variation (standard deviation divided by the
mean) based on the variation of the surface flooding area over
the monitoring period. The environmental variables of dune
and grassland ponds were reduced by principal component
analysis (PCA) based on the mean values of the water physi-
cal and chemical variables measured during the monitoring
period and on a single value of the organic matter (since one
sediment sample was collected from each pond) and coef-
ficient of variation of flooding surface area. We conducted
the PCA to visualize the most important environmental vari-
ables (limnological, sediment, and hydrological characteris-
tics) that explain the differences between dune and grassland
ponds. Additionally, differences in environmental variables
between dune and grassland ponds were analyzed using a
multivariate analysis of variance (MANOVA) based on the
scores of the first two principal components (Axis 1 and Axis
2) from the PCA ordination.

We built a species accumulation curve to show the
increase of the number of taxa for both dune and grass-
land ponds during the experiment. To compare the rich-
ness of hatchlings between dune and grassland ponds
(Hypothesis 1) and the temporal hatching patterns among
incubation weeks (Hypothesis 2), we used a General-
ized Linear Mixed Model (GLMM). We categorized each
sampling day for the corresponding week of the experi-
ment (sampling days 1, 2 and 3=week 1; sampling days
4 and 5=week 2; sampling days 6 and 7=week 3; and
sampling days 8 and 9=week 4). In the model, the rich-
ness is the response variable, while the hydration week
and the pond type (dune and grassland) are the explana-
tory fixed effects, as well as an interaction effect. Each
sampling day was accounted for as a random effect. We
fitted the GLMM with Poisson distribution and log link
and checked the assumptions of the model with diagnostic
plots. We evaluated the significance of model terms using
a Likelihood Ratio Test (LRT).

To assess variation in the taxa composition between dune
and grassland ponds (Hypothesis 1) and among incubation
weeks (Hypothesis 2), we used principal coordinate analy-
sis (PCoA) and permutational multivariate analysis of vari-
ance (PERMANOVA) using the Jaccard distance matrix
and 9,999 permutations to validate the model significance.
We verified the dispersion of beta diversity between weeks,
pond types (dune and grassland) and the combinations of
both (weeks and pond types), using the betadisper method
from vegan package (Oksanen et al. 2024).
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The Indicator Species Analysis (IndVal; Dufréne and
Legendre 1997) was utilized to identify invertebrate taxa
associated with each pond type and weeks of the incubation
experiment. The statistical significance of the observed IV
for each invertebrate taxa was assessed through 9,999 per-
mutations. All analytical procedures were performed using
the packages vegan (Oksanen et al. 2024), lme4 (Bates et
al. 2015), DHAMRA (Hartig 2024), FactoMineR (Lé et al.
2008), ggplot2 (Wickham 2016) and indicspecies (De Cace-
res and Legendre 2009) in R v 4.4.0 (R Core Team 2024).

Results
Environmental Variables

The PCA showed a separation between grassland and dune
ponds based on environmental variables, which was further
supported by the results of the multivariate analysis of vari-
ance (MANOVA) (F, s = 10.837, P=0.007) (Fig. 2). The
two principal components explained 42.73% and 22.1% of
the data variation, respectively. The first component was

O Dune @ Grassland

variation cqeficient

- o

issolved solids_salinity

2 O@o

8 0f------ tem
N .

S ation re

o dissolved

® organic matter

2.5 5.0

PC142.73 %

Fig.2 PCA biplot of the environmental variables measured in the ponds, separated by dune and grassland ponds

@ Springer

64



97 Page 6 of 14 Wetlands (2025) 45:97

positively correlated with conductivity, turbidity, total dis- g = 855 8 8
3 “ s 5 I (8 o 93535359 S S
solved solids, salinity and organic matter percentage and I 2 5 S = s
negatively correlated with oxidation reduction potential. é’ 3 g s ; § g E g a § §
The second component was positively correlated with pH & | = = = == =A== 1=
and coefficient of variation. Among the environmental vari- E -
ables, pH, temperature and oxidation reduction potential :v': I’E’u § E § E <§ § § § §
were highe; in dune pqnds. whereas tur.bidity,. conductiv- % > %1' g ;Li g é g} (j\.j‘ 5 ;é g
ity and sediment organic matter were higher in grassland Z |8 ~SdSc 333 S
ponds (Table 1; Fig. 2). The sediment organic matter ranged & .
from 0.2 to 7.2% in dune ponds, and from 8.4 to 41.7% in -§ T:, ermSg218y 2o
. . = |5 EES®aad o
grassland ponds (Table 1). The hydrological stability was 9 |g Sqrghaigie de
lower in dune ponds compared to grassland ponds since the g o $9282338=22
average of the coefficient of variation was 102.9% in grass- £ |° B
land ponds and 150% in dune ponds. Besides, the grassland & a0 vao )
o T S0 R Ao ® @
ponds had a lower mean number of droughts (1.8) than dune 5 “eongagdd 25
. . . v — 5
ponds (2.4) during the monitored period (Table 1). g |z P S A I
5 12 [sgs89es _dn
. . s |% dagdoadmen ¥
Taxon Richness and Composition ] TaRFTIBRRA
3]
>
A total of 1,469 invertebrates distributed among 22 taxa E -‘.?ﬁ & E 8 é 8§88 &84
. . . = ;"‘ ~§. Q3 . g " .
emerged from dune and grassland sediments, incliding T olge |SASAESSS 9
5 ; a -g& Huw vl = 0 <t
zooplanktonic species of crustaceans (cladocerans, anos- - |§%2 |285838825%¢%
tracans, conchostracans, ostracods and copepods), bdelloid g B = | POHOISHSIShehons! o
and monogonont rotifers, and non-zooplanktonic inverte- 2 o -
brate taxa such as collembolans, Acari, nematodes, oligo- :‘?’ S2822RE8 823
chaetes, microturbellarians and tardigrades (Table 2). Eight _% ‘,g '% ﬁ % E 'ﬁ f § E E
taxa were found in both dune and grassland ponds. How- g | nh58988888¢K©
& d exclusively from d diment ] = = I S
ever, some taxa emerged exclusively from dune sediments 2 |8 38838 S S
(seven taxa), such as collembolans, the monogonont rotifers g,
Dl'g)leuchlanis propatula and Euchlanis sp., the harpacti- ’g % 2288828 O
coid copepods and the cladocerans Pleuroxus sp., Ovalona & |5 TeTTTEE Yy$
glabra and Ceriodaphnia quadrangula. Some invertebrate o & S 588583238 %
taxa occurred only in sediments rehydrated from grassland -5% fL [SSES2A8822R
ponds (seven taxa), including monogonont and bdelloid 3 -§
rotifers, anostracans, conchostracans and the cladocerans 38—’-; meadye2g 83
; ioia stri T2 FFITFITT ST
szocephalus. cf. serrulatus an.d Ley{?tgm striata. £:5 saridad g4
The total richness of hatchlings did not change between 23 ) i Wt S et
dune and grassland sediments (GLMM, LR Chisg=0.152, § = 2
df= 1, P=0.697) nor during the weeks of hydration iR £ o lﬂ
(GLMM, LR Chisq=3.272, df=2, P=0.195) (Fig. 3). No £3|8 83 £
interaction between weeks and pond types was observed in e B :? -E S o :? £ ::
invertebrate richness (GLMM, LR Chisq=4.022, df= 3, Eo 81 5, 23 ¢ é é g E § 3
P=0.259) (Fig. 3). The species accumulation curve showed g _§ g § AEEREEREA
that the increase of invertebrate taxa richness was similar L 68 |Jer=siarmraregiey =
and gradual between dune and grassland sediments during 5 § sy
the sampling events of the experiment (Fig. 4). 2 gL a 1 Q LR “
" : ; ; BR(2 R A R
The composition of invertebrate hatchlings varied gR> 282222832838
between grassland and dune ponds (R’=0.036, F 179 = —§_’T§ o
3.693, P=0.001), and among the weeks of the incubation o 5L _|a —

; 57 N N . §5l§3flesdrzizrgadan
experiment (R°=0.124, F;;, = 4.174, P=0.001) (Fig. 5). g 819 B SHRaRa SIS 9
There was an interaction between weeks and pond types -3
R’=0.053, F,,, = 1.806, P=0.025), showing that the 223
( 7 ) showing 25 lsesssaanas

@ Springer



Wetlands (2025) 45:97

Page7of 14 97

composition changed between grassland and dune ponds
over the experiment. The composition variation between
dune and grassland ponds was more affected by internal
dispersion of beta diversity, as shown by the Betadisper
analysis (F; 55 = 7.981, P=0.014, Fig. Sa). Similarly, the
composition variation among weeks was also affected by
internal dispersion in both dune and grassland ponds (F g;
=3.890, P=0.010. Figure 5b). Dune ponds showed greater
visual segregation than grassland ponds in the composition
of invertebrate hatchlings between the initial (early hatch-
ing) and final weeks (delayed hatching) of the experiment,
which may be related to the interaction effect observed in
the PERMANOVA (Fig. 5b).

Tardigrades, Acari, and collembolans mostly emerged
after the second week of hydration. Collembolans were
found only in dune ponds, while tardigrades and Acari
occurred in both dune and grassland ponds. Anostracans
only hatched in the first week of hydration and conchos-
tracans only hatched during the middle of the experiment
in grassland ponds. Although ostracods and cladocerans
— both in dune and grassland ponds — spread their hatch-
lings mostly after the first week of hydration, copepods
only hatched in the final week of hydration. Nematodes,
oligochaetes and bdelloid rotifers emerged throughout
all weeks of the hydration experiment in both dune and
grassland ponds. The Indicator Species Analysis summa-
rizes hatchling patterns in both grassland and dune ponds
throughout the incubation weeks (Table 3), highlighting
that while some taxa emerged later and exclusively from
dune pond sediments (e.g., Aelossomatidae sp. 2), oth-
ers were associated with grassland ponds, hatching from
mid to late in the sediment hydration period (e.g., Simo-
cephalus cf. serrulatus). Additionally, some taxa occurred
in both dune and grassland ponds, either at the beginning
(Platyhelminthes), at the end (Acari), or throughout nearly
the entire hydration period (Nematoda, Adineta sp.).

Discussion

In this study we analyzed the hatching of dormant inverte-
brates over time in sediments from temporary ponds with
different hydrological stability (grassland and dune ponds).
Our results showed that sediments from dune ponds had
a lower concentration of organic matter and lower hydro-
logical stability when compared to grassland ponds. Some
studies indicated that sandy sediments (with large particles)
associated with low amounts of organic matter reduce the
surface water retention capacity of intermittent wetlands
throughout the year (Penatti and Almeida 2012; Mitsch and
Gosselink 2015). The lower hydrological stability and the
higher frequency of drought events in dune ponds compared

to grassland ponds during the monitoring period may have
contributed to the observed variations in their physical and
chemical parameters.

Although the richness of invertebrate hatchlings was
similar between the dune and grassland ponds, the compo-
sition did not, partially corroborating our first hypothesis
that the richness and composition of hatchlings would be
different among ponds with different hydrological stability.
The similarity in richness may be attributed to a trade-off
involving invertebrate taxa that were unique to each envi-
ronment. Some species of rotifers (Dipleuchlanis propatula
and Euchlanis sp.) and cladocerans (Pleuroxus sp., Ova-
lona glabra and Ceriodaphnia quadrangula) occurred
only in dune ponds, and Simocephalus cf. serrulatus and
Levdigia striata hatched only in grassland ponds. Several
studies have shown that habitat characteristics influence
the structure of dormant propagule banks of aquatic inver-
tebrates (Garcia-Roger et al. 2006; Brendonck et al. 2017;
Portinho et al. 2017; Stenert et al. 2017; Vargas et al. 2019;
Chaparro et al. 2021; Freiry et al. 2021). The differences in
habitat characteristics (granulometry, sediment organic mat-
ter and physical and chemical characteristics of the water)
and hydrological stability may have been responsible for
the composition dissimilarity of hatched invertebrate taxa
between dune and grassland ponds.

More specifically, the hydrological variation between
dune and grassland ponds may have influenced hatchling
composition both directly (e.g., by affecting sediment
conditions for hatching) and indirectly (through historical
ecological processes or the assembly of the dormant bank).
Hydrological stability can act as an environmental filter for
certain taxa, while favoring others, particularly depending
on their life cycle strategies and the time required to com-
plete development after hatching (Brendonck et al. 2017).
Shorter hydroperiods and greater surface water variability
in dune ponds may result in more frequent cues to produce
dormant stages, potentially favoring species capable of
responding rapidly to the specific stimuli of these habitats
(Golladay et al. 1997; Stenert et al. 2017). However, other
factors should not be ruled out as drivers of dissimilar-
ity between dune and grassland ponds, such as dispersal,
which is a key ecological process influencing the structure
and dynamics of populations and communities in response
to hydrological variability (Vanschoenwinkel et al. 2008;
Brendonck et al. 2017).

The similarity in invertebrate richness between dune and
grassland ponds over the experiment shows that the inver-
tebrate taxa spread their hatchings throughout the flood
cycle, regardless of pond hydrological stability. Spreading
hatching over the flooding period is a fundamental strategy
of aquatic organisms to endure extreme conditions in wet-
lands (Vanoverbeke and De Meester 2009). In unpredictable
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Fig.3 Richness of the sampling days in each hydration week, separated by dune and grassland ponds
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Fig.4 Cunulative richness of all ponds, separated by dune and grassland ponds
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regions, dormant invertebrates and vertebrates can spread  to avoid intra- and interspecific competition for natural
their hatchings over several floods (Pinceel et al. 2021;  resources (Jocqué et al. 2010; Pinceel et al. 2021).

Pires et al. 2023; Weber et al. 2025a,2025b). Furthermore, The accumulated invertebrate richness over the experi-
the spreading of propagule hatchings observed over time in ~ ment was similar between dune and grassland sediments,
both dune and grassland ponds can be seen as a strategy  refuting our second hypothesis that more delayed hatching
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Fig.5 (a) PCoA plot showing the composition of invertebrate hatchlings and their variation between dune and grassland ponds, and (b) among the

weeks of the incubation experiment (Weeks 1 to 4)

responses would be observed in dune than grassland ponds.
These results also showed that the hatching of dormant
stages of different invertebrate taxa was distributed over
time. The timing of dormancy breaking is an important
characteristic of intermittent ponds, as it determines coloni-
zation and population patterns (De Stasio 1990). Vendramin
et al. (2023) found a significant increase of richness of zoo-
plankton hatchlings on the middle-to-late phase (third and
fourth weeks) compared to the beginning of the wet phase
in intermittent wetlands of the Brazilian tropical semiarid.
In contrast, Bandeira et al. (2020) observed high peaks of
microcrustacean hatchings at the beginning of the hydro-
logical phase in intermittent wetlands of southern Brazil.

@ Springer

Some taxa (Anellida, Nematoda and Rotifera) hatched
throughout the whole study period. Hoffmann et al. (2023)
found a high abundance of Aeolossomatidae annelids in
different depths of sediment in intermittent ponds. These
organisms form desiccation-resistant cysts, possibly induced
by adverse environmental conditions (Glasby et al. 2021).
Nematodes can enter in a quiescent stage capable of surviv-
ing desiccation and possibly extremes temperatures (Poinar
Jr 2010). Monogononta rotifers showed slow responses to
hydration, with no hatching at the beginning of the experi-
ment, unlike Bdelloidea rotifers (Adineta sp.), which main-
tained hatching throughout the hydration period. The rapid
hatching response of bdelloid rotifers in hydrated sediments
has already been observed in studies of temporary ponds
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Table 3 Summary output of the indicator species analysis for Dune and grassland ponds (pond type) and the respective weeks. The analysis

allowed combinations of each pond type with the weeks of hydration

Pond type Weeks Taxa Y P valie
Dune Week 3+Week 4 Aclosomatidae sp. 2 0.640 0.005
Week 2+Week 3+Week 4 Collembola 0.491 0.025
Grassland Week 2 Monogononta sp. 1 0.447 0.045
Week 3 Leydigia stiata 0.437 0.040
Week 2+Week 3+Week 4 Simocephalus cf. serrulatus 0.483 0.015
Both Dune Week 3+Week 4 + Acari 0.496 0.020
Grassland Week 4
Dune Week 1+Week 2 + Tuberllaria (Platyhelminthes)  0.661 0.005
Grassland Week 1+Week 2
Dune Week 1+Week 4 + Aclossomatidae sp. 1 0.756 0.005
Grassland Week 1+Week 2
Dune Week 3+Week 4 + Adineta sp. 0.626 0.045
Grassland Week 2+Week 3+Week 4
Dune Week 1+Week 2+Week 3 + Nematoda 0.821 0.005
Grassland Week 1+Week 2+Week 3 +Week 4

(Ricci 2001; Vendramin et al. 2023). These rotifers are
anhydrobiotic organisms with morphological, physiological
and biochemical adaptations to withstand the drastic loss of
water and be able to recover their metabolism when rehy-
drated (Rebecchi 2013).

Crustaceans showed differences between the taxa ana-
lyzed. Anostracans only hatched in the first week of hydra-
tion. Some studies have shown that Anostraca nauplii were
the first crustaceans to emerge from the rehydrated sediment
in wetlands (Jocque et al. 2010; Vendramin et al. 2023).
Ostracods hatched from the second week onwards and pre-
dominated in the final phase of the experiment, similarly to
other studies carried out in intermittent ponds (Bandeira et al.
2020; Vendramin et al. 2023). Cladocerans emerged through-
out the weeks of the experiment, but some taxa predominated
in specific periods. Stenert et al. (2016) found differences in
cladoceran hatching dynamics: while some species predomi-
nate at the beginning of hydration, others delay hatching over
the weeks in ponds of southern Brazil. Tardigrades showed
different hatching patterns between the ponds studied. These
organisms can exhibit both forms of dormancy (quiescence
and diapause) which can occur separately or simultaneously
to survive unpredictable habitats (Guidetti et al. 2011; Vendr-
amin et al. 2022). While tardigrade quiescence includes anhy-
drobiosis, cryobiosis, and anoxybiosis, diapause involves
strategies such as encystment, cyclomorphosis, and the pro-
duction of resting eggs, reflecting a broad spectrum of dor-
mancy mechanisms (Guidetti et al. 2011). Although we did
not assess species-level identification or determine which
specific structures were produced by the tardigrades found,
some species within this group have been reported to exhibit
bet-hedging strategies (Guidetti et al. 2011).

As potential limitations of the study, our results and
conclusions may be influenced by the inherent biases asso-
ciated with laboratory-controlled conditions, as various

environmental cues affect hatching success (Freiry et al.
2021; Vendramin et al. 2023), including temperature and
photoperiod, which signal specific seasons, as well as the
risk of false flooding in unstable aquatic systems (Bren-
donck et al. 2017). Previous studies have demonstrated that
the requirements for breaking dormancy in invertebrate rest-
ing stages are species-specific (Brendonck and De Meester
2003; Vandekerkhove et al. 2005). Furthermore, although
the sampling frequency used during the incubation period
may have significantly reduced the risk of parthenogenetic
reproduction among hatched individuals, its occurrence
cannot be definitively excluded from the experiment.

In conclusion, our results highlighted the structure and
temporal dynamics of hatching from dormant stages of
aquatic invertebrates in temporary ponds subjected to dif-
ferent levels of hydrological stability. Interdunal depressions
represent highly unique and threatened ecosystems at risk
of disappearance (Grootjans 2002; Stewart and Schriever
2023). Ponds located within these depressions harbored dor-
mant invertebrate communities with richness comparable to
those found in nearby grassland ponds, but with distinct taxa
composition. Furthermore, variations in hatching patterns
among taxa suggest that, in both grassland and dune ponds of
southernmost Brazil, aquatic invertebrates adopt bet-hedging
strategies regardless of hydrological stability. We emphasize
the need for future studies using sediment collected at differ-
ent times to enable more robust inferences about the struc-
ture and dynamics of invertebrate hatching throughout the
complete hydrological cycle of these temporary wetlands.
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